Abstract: This work presents analysis and development of an evanescent waveguide sensor system, which integrates an amorphous silicon photodiode and a glass-diffused waveguide. Design of the system includes a study of thickness and refractive index of the transparent electrode of the diode, which are crucial parameters for the optimization of the optical coupling between the waveguide and the photodetector. Preliminary electro-optical measurements on the fabricated device show excellent system performances, and suggest its use for on-chip detection in lab-on-chip applications.
Introduction
A Lab-on-Chip (LoC) is a miniaturized system able to integrate several laboratory functions on a single device [1] reducing reagents' consumption, accelerating detection times, improving sensitivity, miniaturizing size, allowing on-field use and avoiding the presence of specialized personnel [2, 3] .
These systems analyze biological samples through different process steps: injection, reaction, separation and detection. Among the biological detection techniques, the ones showing the best performances in terms of sensitivity and reliability are those based on the measurements of the optical properties of the analyzed substance, such as absorption, fluorescence or refractive index [4, 5] .
In some case sample detection is performed measuring, through an off-chip crystalline silicon photo-detector, the effect of the biological analyte on the light propagation in a waveguiding structure [6, 7] .
This work presents an integrated optoelectronic device based on a glass-diffused waveguide optically coupled with a hydrogenated amorphous silicon (a-Si:H) photosensor, with the purpose of achieving "on-chip" measurement of the light power flowing in the waveguide. This new detector structure, replacing the off-chip optics and detection equipment, allows biomolecular analysis with a more compact and easy-to-use system, with lower cost of analysis. Figure 1a shows the basic structure of the proposed system. A solution containing the analyte is placed in contact with the diffused optical waveguide. A variation in the refractive index of the biological solution, related to the type and concentration of the analyte [8] , results in a variation of the intensity of the waveguided light. The thin film sensor, optically coupled to the waveguide, gives a photocurrent signal related to the presence and concentration of the analyte.
Device Design

System Structure
The developed system integrates on the same glass substrate two main components: a channel optical waveguide and a photosensor. Figure 1b reports the three-dimensional sketch of the fabricated device. Optical waveguides can be made with different processes and materials. Ion-exchanged glass waveguides technology can be used to fabricate simple and low cost optoelectronic devices [9] [10] [11] . We selected a double ion-exchanged (K + /Ag + and K + /Na + ) thermally annealed channel waveguide diffused on the surface of a borosilicate BK7 glass substrate [12, 13] . Our choice opted as project guideline for low propagation losses from visible to infrared spectrum [14] .
The photodetector is a thin-film a-Si:H p-doped/intrinsic/n-doped stacked junction. The optoelectronic characteristics of the a-Si:H make this material one of the most promising for the fabrication of thin film devices both in large area electronics [15] and in sensor applications [16, 17] . In particular, the low deposition temperature of a-Si:H (below 250 °C) allows the use of different substrates, making it a valuable material for biomolecular recognition applications in compact integrated systems, with performances comparable to those of the c-Si photodiodes [18] .
Transparent and conductive indium tin oxide (ITO) layer has been used as bottom contact of the P-I-N junction, to allow the connection of the photodiode to the electronic circuit and the transit of light from the waveguide to the sensor. The top metal is 50 nm-thick chromium layer, which acts both as electrode and as reflector. A 200 nm-thick Ti-W film connects the top electrode to the electronics.
Simulation Results
The performances of the designed device have been optimized evaluating its coupling efficiency as a ratio between the optical power flux through the waveguide after and before the ITO/P-I-N stacked structure. The whole numerical analysis was carried out using COMSOL Multiphysics at the wavelength of 532 nm, which is within the typical biomolecular emission spectrum [19] . We assumed a 630 nm-thick a-Si:H diode with a refractive index of 4.45. Furthermore we considered refractive indexes of 1.52 for the BK7 substrate and of 1.88 for the ITO film. A waveguide core going 1.5 μm deep into the glass surface with an index variation of 0.04 with respect to the glass substrate index was used. A 50 nm thick top contact chromium layer with a refractive index of 2.66 and 5 μm of SU-8 insulation layer with refractive index of 1.585 was assumed.
We found that, due to its high refractive index, the SU-8 layer absorbs most of the optical power routed into the waveguide before it's coupled into the photodetector. For this reason, we designed a P-I-N junction electrically insulated on three sides, that receives light from its non-insulated side (see Figure 1b) .
A critical point in achieving an optimized coupling efficiency is the thickness of ITO film: variations of this parameter from 25 nm to 700 nm show a cyclic behavior, with optical coupling peaks over 99% at the thicknesses of 120 nm, 375 nm and 625 nm. The lowest values of coupling efficiency (under 60%) occurs at ITO thicknesses equal to 45 nm, 250 nm and 500 nm. For the fabrication phase, we chose a thickness of 120 nm as the best scenario in terms of optical coupling and electrical conductivity in order to guarantee an optimized limit of detection.
Device Fabrication and Characterization
Fabrication Steps
The fabrication process required five photolithographic masks: one for the waveguide geometry definition and four for the a.Si:H photosensor. However we chose to add a mask for the preliminary definition of permanent glass-etched markers, because the standard metal markers are not compatible with the high temperatures reached during the waveguide fabrication processes. The entire fabrication procedure is described in detail in [20] .
Experimental Results
In a first preliminary characterization, we measured the current-voltage characteristics (I-V) of the diode in dark conditions. The reverse saturation current at 100 mV was below 10 −11 A, which corresponds to a shot noise level lower than 2 fA. Furthermore, the propagation losses measured in a waveguide before the a-Si:H diode deposition resulted to be around 2dB/cm. Figure 2a reports the schematic measurement setup. A 532 nm laser light source is coupled through a prism to the optical waveguide. A Source Measure Unit (SMU) Keithley 236 is used to read the sensor photocurrent. Figure 2b shows the current-voltage curve of the photosensor obtained with and without 15 μW optical power in the waveguide. We see that, in the operating range voltages of the photodiode (small reverse bias), the presence of the laser beam induces a variation of the photocurrent of about three orders of magnitude, demonstrating the successful on-chip detection of light propagating in a waveguide by a thin film a-Si:H photosensor.
Conclusions
This work reports the design, fabrication and preliminary characterization of an integrated evanescent waveguide sensor system based on an amorphous silicon photodiode and an ion-exchanged glass-diffused waveguide. We studied the behavior of the two components and their optical coupling, providing their successful integration on the same glass substrate. Currently, works are in progress to accomplish a quantitative characterization of the system. Taking into account the presented results, our structure is a promising candidate in smart and high-sensitive systems for on-chip recognition of biomolecules.
